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We clarify open issues in relating low- and high-energy observables, at next-to-leading order accuracy, in
models with a massive leptoquark embedded in a flavor nonuniversal SUð4Þ × SUð3Þ × SUð2Þ ×Uð1Þ
gauge group. Extending previous work on this subject, we present a complete analysis of the OðαsÞ
corrections to the matching conditions of semileptonic operators at the high scale. These corrections are not
negligible, but they do not exceed the 10% level and are subleading compared to the Oðα4Þ corrections
proportional to the leading leptoquark coupling, which is expected to be much larger than the QCD
coupling in the parameter space region of phenomenological interest. We further analyze the impact of




Among the different explanations of the recent B-physics
anomalies (see, e.g., [1] for a recent review), those based on
a Pati-Salam type [2] massive vector leptoquark (LQ) turn
out to be quite successful from a phenomenological point of
view [3–9]. Various attempts have been made to find a
consistent ultraviolet (UV) completion for this field
[10–23]. Among them, those based on the gauge group
SUð4Þ × SUð3Þ0 × SUð2ÞL ×Uð1ÞX [15–22] (originally
proposed in [24,25], and denoted as “4321” in the follow-
ing) are particularly interesting and well motivated. This is
the case especially for those implementations where the
Standard Model (SM)–like fermions are charged non-
universally [17–22]. The interest in such a class of models
goes beyond their phenomenological impact in B physics:
they hint to a possible solution of the SM flavor puzzle [17],
and might also be able to address the electroweak hierarchy
problem [21].
To investigate the interplay between precision
measurements and collider searches in this interesting
class of models, it is important to explore the relation
between low- and high-energy observables beyond the tree
level. In a previous paper [26], we have evaluated the next-
to-leading-order (NLO) corrections in the perturbative
expansion in the LQ coupling, α4 ¼ g24=ð4πÞ, to the
matching conditions of semileptonic operators at the high
scale. These corrections are sizable, but still within a
perturbative regime even for g4 ≈ 3 (a reference value
motivated by the B-physics anomalies; see, e.g., [20]).
The main effect is an enhanced LQ contribution at low
energy, at fixed on-shell coupling, that for g4 ¼ 3 ranges
from 15% to 40%, depending on the operator [26].
Our scope here is to analyze two subleading contribu-
tions that were not included in [26]: OðαsÞ corrections and
the contributions from radial modes. Naively, both effects
are expected to be well below that of the leading Oðα4Þ
corrections analyzed in [26] (for the phenomenologically
motivated large values of the g4 coupling), but a precise
assessment of their size is important.
As far as the OðαsÞ corrections to LQ-induced semi-
leptonic operators are concerned, a clarification of their size
is particularly motivated given the recent analysis in [27].
Employing an effective vector LQ model that is not UV
complete, it is claimed in Ref. [27] that these corrections
exceed the 10% level. As we show, this estimate is far too
big for the realistic class of models we are interested in.
This is because of two effects: (i) the presence of additional
colored states with mass close to that of the LQ, an
unavoidable feature of realistic models addressing the
B-physics anomalies [15,28]; and (ii) the lack of a physical
renormalization condition for the LQ coupling. A proper
treatment of both effects significantly reduces the impact of
the QCD corrections.
As far as radial modes are concerned, a clarification of
their role in the renormalization of the theory provides a
motivation for a deeper investigation of their effects. As we
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states only if the spectrum of the heavy vectors is
degenerate [in the so-called SUð4ÞV custodial limit]. If
this is not the case, the infinite mass limit for the radial
modes leads to ambiguities in the estimate of NLO effects
that can be cured at the price of introducing independent
renormalization conditions for the couplings of the differ-
ent heavy vectors. However, we demonstrate that for
realistic spectra, with large but not infinite masses for
the radials, the size of these ambiguities is negligible
already at Oðα4Þ.
II. THE MODEL
We consider a model based on the SUð4Þ × SUð3Þ0 ×
SUð2ÞL ×Uð1ÞX gauge group. This symmetry contains the
SM gauge group as a subgroup: QCD corresponds to the
vectorial SUð3Þ subgroup of SUð4Þ × SUð3Þ0, SUð2ÞL
is as in the SM, the hypercharge is defined in terms of










this paper we are interested in NLO corrections in the
SUð4Þ and SUð3Þ0 couplings, we simplify the analysis by
setting the SUð2ÞL × Uð1ÞX gauge couplings to zero and
we do not consider the SM Higgs sector. We denote the
SUð4Þ × SUð3Þ0 gauge couplings by g4 and g3, respec-
tively, and the corresponding gauge fields by HAμ and Caμ,
with A ¼ 1;…; 15 and a ¼ 1;…; 8. The SM gluons, Gaμ,
and the QCD coupling, gs, are given in terms of the
SUð4Þ × SUð3Þ0 couplings and fields by
Gaμ ¼ ðs3Haμ þ c3CaμÞ; gs ¼ g3c3 ¼ g4s3; ð1Þ





















gauge bosons transform under the SM subgroup as
U ∼ ð3; 1; 2=3Þ, G0 ∼ ð8; 1; 0Þ, and Z0 ∼ ð1; 1; 0Þ. In terms
of the original gauge bosons, they are given by





p ðH9;11;13μ − iH10;12;14μ Þ: ð2Þ
These become massive after the spontaneous symmetry
breaking of SUð4Þ × SUð3Þ0 → SUð3Þc. The symmetry
breaking is triggered by the vacuum expectation value
(VEV) of two scalar fields transforming in the antifunda-
mental of SUð4Þ, Ω1 and Ω3, singlet and triplet under





























with ω1;3 denoting theΩ1;3 VEVs. In the limit ω1 ¼ ω3 and
g3 ¼ 0, there is a residual custodial SUð4ÞV global
symmetry.1









































































ðϕ†U − tan βh†UÞ
!
; ð4Þ
with tan β ¼ ω1=ω3, and where ϕi and hi are, respectively,
would-be Goldstone and radial modes with the same
quantum numbers as the corresponding gauge fields, and
S1 and S3 are SM-singlet radial modes. An explicit
expression for the renormalizable potential of Ω1;3 can
be found in [16]. An interesting limit, realized in explicit
frameworks such as the composite model in [21], is that of




3ð1ÞÞ. In this limit, the
effect of these fields decouples, and we are left with a
nonlinear realization of the SUð4Þ × SUð3Þ0 → SUð3Þc
symmetry breaking. As we show in Sec. IV, an ample
class of physical observables can be evaluated to NLO
accuracy with no (or marginal) ambiguities also in the
nonlinear case.
We focus on an implementation where the fermion sector
is arranged in the following flavor nonuniversal way: one
generation is the SUð3Þ0 singlet and transforms as Pati-
Salam representations under SUð4Þ × SUð2ÞL ×Uð1ÞX,
1We denote the custodial symmetry SUð4ÞV by the vectorial
subgroup of SUð4Þ × SUð4Þ0, with SUð4Þ0 ⊃ SUð3Þ0. In the
custodially preserving limit, Ω1 and Ω3 can be seen as two
components of a single field Ω4, transforming as 4 × 4̄
under SUð4Þ × SUð4Þ0 and responsible for the breaking
SUð4Þ × SUð4Þ0 → SUð4ÞV .
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while the other two generations are SUð4Þ singlets and
have SM charges under SUð3Þ0 × SUð2ÞL ×Uð1ÞX. In the
absence of fermion mixing effects, which we do not
consider here, the fermions charged under SUð4Þ are
identified with the SM third family (plus a right-handed
neutrino). We note that, although we focus on this specific
implementation, our results can be applied with minimal
changes to other models considered in the literature, such as
the one in [15,16]. The matter content (fermions and
scalars) with nontrivial transformation properties under
SUð4Þ × SUð3Þ0 is summarized in Table I.

























where ψ ¼ ðψqψlÞ⊺ generically denote the SUð4Þ fermion
multiplets, q ¼ ðudÞ⊺ contains both chiralities, and Ta are
the SUð3Þ generators.
III. MATCHING CORRECTIONS AT OðαsÞ
A. General strategy and operator basis
In this section, we evaluate the αsðm2UÞ corrections to the
Wilson coefficients of the dimension-six semileptonic
operators involving SM third-generation fermions, and in
the limit of heavy radial modes. Following Ref. [26], we
adopt the following normalization:
















where the quark and lepton fields belong to the SUð4Þ
charged fermions in Table I. The tree-level expressions for
the Wilson coefficients read
CULL ¼ CULR ¼ 1; ½U1 exchange
C
ð1Þ




Cde ¼ 1 −
1
4xZ0
; ½U1 & Z0 exchange;
ð8Þ
where xZ0 ¼ m2Z0=m2U.
The NLO corrections to the semileptonic amplitudes we
are interested in can be divided into two main categories:
factorizable contributions (due to vertex and self-energy
diagrams), which enter as multiplicative corrections to a
given tree-level amplitude, and nonfactorizable corrections,
arising from box diagrams. In Ref. [26], we evaluated the
α4 corrections employing an on-shell renormalization
scheme where, by construction, the factorizable corrections
vanish on-shell. In the case of the αs corrections, it is more
convenient to perform the calculation in the MS scheme,
both because of infrared (IR) singularities and because of
the precise knowledge of αs in the MS scheme (at arbitrary
scales). However, proceeding this way, we need to take an
additional correction factor into account in order to express
the (unphysical) coupling g4 appearing in the (high-scale)
Lagrangian in terms of some high-energy physical observ-
able: we choose the latter to be the inclusive LQ decay
width, and we denote the corresponding physical coupling
as ĝ4.
The calculation is performed in the Feynman gauge,
treating g4 and gs as two independent couplings, and
retaining only corrections of OðαsÞ, given the Oðα4Þ
contributions have already been derived in [26]. The
amplitudes in the full theory receive contributions from
both gluon- and coloron-exchange diagrams (as well as the
corresponding ghost and Goldstone fields, in the case of the
vector self-energy). For each gluon-mediated amplitude,
there is a corresponding coloron-mediated amplitude
whose coupling is proportional to ðg4c3Þ2 ¼ g24 − g2s .
This ensures a perfect cancellation of the UV divergences
proportional to g2s . Such a result is expected since we are
interested in amplitudes involving external states that are
charged only under SUð4Þ. More precisely, the structure of
TABLE I. Matter fields with nontrivial charges under
SUð4Þ × SUð3Þ0. Here i ¼ 1, 2, ψL ≡ ðq3Ll3LÞ⊺, ψþR ≡ ðu3Rν3RÞ⊺,
and ψ−R ≡ ðd3Re3RÞ⊺.
Field SUð4Þ SUð3Þ0 SUð2ÞL Uð1ÞX
ψL 4 1 2 0
ψþR 4 1 1 1=2
ψ−R 4 1 1 −1=2
qiL 1 3 2 1=6
uiR 1 3 1 2=3
diR 1 3 1 −1=3
Ω3 4̄ 3 1 1=6
Ω1 4̄ 3 1 −1=2
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the OðαsÞ amplitudes we are interested in, summing
coloron- and gluon-mediated contributions, is of the type
AðsÞjOðg4g2sÞ ¼ g2s ½AðgÞðsÞ −AðG
0ÞðsÞ; ð9Þ
such that the result is finite and vanishes identically in the
limit v3 → 0.
2
Unless otherwise specified, the results presented in this
section are reported in the limit mG0 ¼ mU.3 Complete
expressions for generic masses and generic momentum
transfer for the LQ two-point and vertex corrections can be
found in Appendix.
B. Renormalization of g4 from the LQ width
















Summing the contributions from gluon and coloron










where LIRμ ¼ logðμ2IR=m2UÞ and, for illustrative purposes,
we have kept the explicit dependence on mG0 . As antici-
pated, the result is UV finite. The UV divergence
occurring in pure QCD is recovered in the limit of infinite
coloron mass.
As far as the LQ two-point function is concerned, we
renormalize the mass on-shell (i.e., we directly express mU
in terms of the physical LQ mass). Decomposing the one-
loop contribution to the two-point function as
iΣ
μν






























Finally, the vertex correction, computed also in the limit



























Using the above results, the two-body contribution to
the decay amplitude, including NLO virtual corrections in a



























The corresponding contribution due to real radiation,


























Summing these two contributions, we obtain the (IR-finite)


























from which we define the relation between the physical
















C. Four-fermion amplitudes and Wilson coefficients
The factorizable NLO corrections to the LQ exchange
amplitude in the zero momentum limit can be written as
2In the limit v3 ¼ 0 the gauge symmetry is spontaneously
broken into SUð3Þ
4
× SUð3Þ0, and the SUð3Þ0 group is irrelevant
for the amplitudes we are looking at.
3For g3 ≠ 0, the limit mG0 ¼ mU does not correspond to the
SUð4ÞV custodial limit. However, this does not cause a problem
in the evaluation of these amplitudes, which are finite independ-
ently of the radial modes. The limitmG0 ¼ mU is then particularly
convenient in order to obtain simple expressions.









κU ¼ 2δg þ 2δVUð0Þ þ δZUð0Þ þ δZqð0Þ: ð20Þ
The coupling renormalization and quark wave-function
terms are given in (19) and (11), respectively, while the LQ












δVUð0Þ ¼ 4: ð21Þ
















Proceeding in analogous fashion, we compute the
factorizable corrections to the Z0 exchange amplitude.
Here, there is no OðαsÞ correction to the vector two point




Z0 ð0Þ ¼ −δZqð0Þ; ð23Þ
as expected from the conservation of the vector current in
QCD. We thus have
κZ0 ¼ 2δg þ δVqq̄Z0 ð0Þ þ δZqð0Þ ¼ 2δg; ð24Þ
and therefore the only effect is the change in the overall
coupling once we express it in terms of ĝ4.
The last necessary ingredient to evaluate the amplitudes
in the full theory are the box diagrams. We present these
amplitudes projecting the result into the effective field
theory (EFT) basis,









Separating the nonfactorizable δCboxk contributions into








































lq ¼ δCboxqe ¼ 0; ð27Þ
where fðxÞ ¼ log x=ðx − 1Þ and fð1Þ ¼ 1.
To obtain the OðαsÞ corrections to the Wilson coeffi-
cients, we need to perform the matching between the full
and the effective theories. This is trivial for all the operators
in (7) except for OLR, since they involve only conserved
currents (in QCD). In the case of OLR, we need to subtract
theOðαsÞ corrections to the matrix element in the EFT from





þ LIRμ − Lμ

; ð28Þ
where the scale μ appearing in Lμ is the matching scale.
Putting all the ingredients together, we can write the































































































As expected, the scale dependence of CULR matches the one
expected from the anomalous dimension of this operator
at OðαsÞ.
D. Discussion
Including also the Oðα4Þ terms computed in [26], the
NLO expressions of the two Wilson coefficients containing
charged currents are



















































































Two main observations are in order:
(i) All matching corrections are positive. Hence, the
enhancement of low-energy amplitudes at fixed
high-energy inputs already noted in [26] is further
strengthened by the inclusion of the OðαsÞ terms.
(ii) The coefficients of the Oðα4Þ and OðαsÞ corrections
are of similar size. Since we expect α4 ≫ αs,
this implies that the OðαsÞ corrections are clearly
subdominant. The largest OðαsÞ correction is the
one to CULL, which does not exceed 6% for
αsð2 TeVÞ ¼ 0.083.
The second statement apparently contradicts the result of
Ref. [27], where it is claimed that QCD matching correc-
tions in CULL exceed the 10% level. However, this difference
can be understood from the fact that the calculation made in
Ref. [27] differs from our analysis in two important points.
First, the vector LQ in Ref. [27] is introduced using an
effective approach, without embedding it into a complete
UV theory. This is not consistent for this field. In the
realistic case we have discussed, the embedding into
the 4321 model brings the additional contribution of the
coloron, providing a consistent cutoff for all the apparent
UV singularities appearing in the effective approach.
Second, the effective LQ coupling in Ref. [27] is treated
as a generic MS coupling and no attempt is made to connect
it to physical observables. Proceeding this way, the analysis
of Ref. [27] does not take into account the sizable
corrections due to the relation between g4 and high-energy
observables.
We have explicitly checked that our results are consistent
with those of Ref. [27] once these two effects are taken into













where c̄ðs;gÞLL;LR are the MS results (still with on-shell
renormalization for the LQ mass), obtained in the absence
of coloron contributions and coupling renormalization.
These agree with the terms reported in Ref. [27].
Subtracting the (unphysical) scale dependence related to



















These apparently large corrections are significantly reduced
by the coloron contributions and by the coupling renorm-

























































π2 ≈ −3.49: ð35Þ
As can be seen, in the case of cðsÞLR the effect of the coloron
and of the coupling renormalization are very similar in size
and imply a reduction of the gluon-only MS result of
almost 1 order of magnitude. The reduction is less prono-
unced in the case of cðsÞLL, but still results in an almost 50%
reduction compared to Ref. [27].
IV. IMPACT OF RADIAL MODES
The purpose of this section is to elucidate the role of
radial modes, with particular reference to their heavy-mass
limit. In the absence of Yukawa couplings, the radial modes
enter the amplitudes we are interested in only via the two-
point functions of the heavy vectors. Focusing the attention
on the Oðα4Þ corrections, we define
iΣ
μν









and we decompose Σð4ÞV ðsÞ as
Σ
ð4Þ







where Σð4ÞV;regðsÞ is regular at s ¼ 0 and is free from UV
divergences.4
4Complete expressions for Σð4ÞV;1 and Σ
ð4Þ
V;regðsÞ, in the absence of
radial fields, are reported in Appendix. These expressions
complement that of Σð4ÞU;regðsÞ already presented in [26].
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In a renormalizable theory, as it is the case for our model
once we include the radial modes, the powerlike and
logarithmic nondecoupling contributions from heavy
degrees of freedom can always be absorbed into a redefi-
nition of Σð4ÞV;0 and Σ
ð4Þ
V;1. Employing an on-shell renormal-
ization scheme for the vector masses, we can ignore this
effect in Σð4ÞV;0 by absorbing it into the physical masses.
Therefore, the only terms where radial modes can exhibit a
nondecoupling behavior in the heavy mass limit are the
wave-function corrections, Σð4ÞV;1.
If we are interested in processes involving a single heavy
vector, this sensitivity to Σð4ÞV;1 is eliminated by the on-shell
renormalization of the corresponding heavy vector cou-
pling, as has been done in [26] for the LQ case. However, a
potential problem arises if we are interested in processes
where two or more heavy vectors are involved already at
the tree level, since two or more Σð4ÞV;1 appear at NLO.













with V ¼ U, Z0, G0, and where the three expressions in
parentheses refer to the contributions of gauge, fermion,
and ghost fields (zYM), the contribution of the Goldstone
bosons (zϕV), and the contribution of the radial modes (z
R
V).
The gauge, fermion, and ghost factor zYM ¼ 16=3 is
universal. In general, this is not the case for the two
separate scalar factors. The Goldstone terms, which are the

















































This implies that, in general, in the nonlinear description of
the SUð4Þ × SUð3Þ0 → SUð3Þc symmetry breaking, we
need to renormalize separately the different vector fields
to cancel all UV divergences. This unavoidably decreases
the predictive power of the theory, since we need to treat the
three couplings as independent free parameters.
This problem disappears once we include the radial







so their presence restores the universality of the UV
divergences, as expected by the renormalizability of the
theory. However, this occurs at the cost of introducing
(nondecoupling) logðM2R=m2VÞ contributions after the (uni-
versal) field renormalization. We have checked explicitly
that these nondecoupling effects are in one-to-one corre-
spondence with the residual scale dependence induced
by the nonuniversal behavior of the zϕV piece. Namely, in
the limit of a heavy and degenerate radial spectrum,
the nondecoupling logðM2R=m2VÞ effects surviving after
renormalization are proportional to the differences among
the zϕV .
A key observation is that an effective universal field
renormalization is possible also in the absence of radial










In the nonlinear description, the different field renormal-
ization for generic ωi is a consequence of the appearance of









where Ĥμν ¼ TαHαμν. In the custodial limit, they reduce to a
single operator, proportional to TrðĤμνĤ†μνÞ, giving rise to a
universal field renormalization. Hence, in the SUð4ÞV
custodial limit, any sensitivity to the radial modes (in
the limit of heavy masses) can be completely absorbed by
the on-shell renormalization of the (universal) vector
coupling g4.
Beyond the custodial limit, we can effectively estimate
the error of neglecting the radial modes when employing a
universal vector-field renormalization, by looking at the
residual nonuniversal scale dependence in Σð4ÞV;1. For in-
stance, if we renormalize the coupling with an on-shell LQ
process, the leading effect induced on the Z0 coupling when




UÞ logðM2R=m2UÞ. We can correct for this




UÞ ×Oð1Þ, which is expected to be small.
Finally, we address the question of how large the impact
of radial modes can be if they are not heavy. In this case, we
do expect finite effects independently of the renormaliza-
tion procedure. Considering for simplicity the limit where
all radial modes have the same mass, MR ¼ MU, and







p − 5 ≈ 0.14; ð43Þ
with δΣU as defined in Ref. [26]. Even for g4 ¼ 3, this
result leads to a correction to the matching coefficients
evaluated in Ref. [26] below 1%.
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For completeness, we also report the corresponding
effects at OðαsÞ in the same mass limit MR ¼ MU.


























π ≈ −0.25; ð44Þ
which are also negligible.
V. CONCLUSIONS
The growing interest on leptoquark-mediated processes,
both at low and at high energies, calls for analyses of the
corresponding amplitudes beyond tree-level accuracy. In
the case of a massive spin-1 leptoquark, this is possible
only if the field is embedded into a consistent model with
additional degrees of freedom. In this paper, we have
clarified two open issues concerning NLO effects in LQ-
mediated amplitudes, assuming the LQ to be the massive
gauge boson arising from the spontaneous symmetry
breaking SUð4Þ × SUð3Þ0 ×Uð1ÞX → SUð3Þc ×Uð1ÞY .
On the one hand, we have computed the OðαsÞ correc-
tions to the high-scale matching conditions of semileptonic
operators. These corrections are of the order of a few
percent for LQ masses in the few TeV range and, in the
parameter space of phenomenological interest, are clearly
subleading compared to the Oðα4Þ corrections evaluated in
Ref. [26]. We have clarified two key ingredients that are
necessary for a consistent evaluation of the OðαsÞ correc-
tions: (i) the identification of all the colored states at the
TeV scale; (ii) the necessity to express at OðαsÞ accuracy
the LQ coupling in terms of high-energy observables. As
we have shown, in the processes considered here, both
effects significantly reduce the overall impact of the QCD
corrections.
On the other hand, we have analyzed the dependence of
NLO corrections, both at Oðα4Þ and at OðαsÞ accuracies,
from the (unknown) spectrum of massive scalars, which
necessarily appear in the sector responsible for the SUð4Þ ×
SUð3Þ0 ×Uð1ÞX → SUð3Þc × Uð1ÞY symmetry breaking.
As we have shown, the infinite mass limit for the radial
modes can lead to ambiguities in the estimate of NLO
effects on LQ-mediated amplitudes if the spectrum of the
heavy vectors is not degenerate. However, in the minimal
setup, where the symmetry is broken via the scalar fields
Ω1;3 and under the assumption of an almost degenerate
spectrum of radial modes, we have also shown that these
ambiguities are negligible already at Oðα4Þ.
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APPENDIX: LOOP FUNCTIONS
1. LQ two-point function at OðαsÞ
Separating coloron and gluon contributions, the two-
point LQ functions at OðαsÞ, in the absence of radial






U ðsÞ þ Σ
ðs;gÞ
U ðsÞgμν: ðA1Þ





























































and Fðs;m2X; m2YÞ, defined as in [30], satisfies
Fð0; m2X; m2YÞ ¼ 0. The gluon contribution is
Σ
ðs;gÞ









































Finally, the contribution of radial modes, which is finite up
to mass correction terms, can be written as
Σ
ðs;RÞ
U ðsÞ ¼ Σ
ðs;RÞ
U ð0Þ − CFm2Ux2G0Fðs;m2G0 ; m2RÞ: ðA5Þ
2. LQ vertex correction at OðαsÞ
Similar to the two-point function, we decompose the
OðαsÞ corrections to the LQ vertex as








½δVðs;G0ÞðsÞ þ δVðs;gÞðsÞ: ðA6Þ








− 3Λ4ðs;mG0 ; mUÞ

; ðA7Þ
where Λ4ðs;mX; mYÞ, defined as in [30], satisfies
Λ4ð0; mX; mYÞ ¼ 0. The gluon contribution, for generic

















































3. Vector two-point functions at Oðα4Þ
Following the decomposition in (37), we present here the
explicit expressions of the Σð4ÞV;1 coefficients and the
Σ
ð4Þ
V;regðsÞ functions. The regular terms are defined up to
constant and linear terms in s that we can reabsorb in Σð4ÞV;0






















































































































































































































































































As expected, the expressions for Σð4ÞV;1 or Σ
ð4Þ
V;regðsÞ are all equal in the SUð4ÞV custodial limit, i.e., formU ¼ mZ0 ¼ mG0. Also
note that in this limit Σð4ÞV;regð0Þ ¼ 0.
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